3-Tesla magnetic resonance imaging of the equine brain

Pferdeheilkunde 30 (2014) 5 (September/Oktober) 657-670

K. Stuckenschneider et al.

3-Tesla magnetic resonance imaging of the equine brain
in healthy horses — Potentials and limitations

Kathrin Stuckenschneider’, Maren Hellige’, Karsten Feige' and Hagen Gasse?

! Klinik for Pferde der Stiftung Tierdrztliche Hochschule Hannover
2 Anatomisches Institut der Stiftung Tierdrztliche Hochschule Hannover

Summary: For evaluating neurological diseases, magnetic resonance imaging (MRI) has been widely recommended as the method of cho-
ice in human medicine. It has been proposed as a valuable tool in clinical diagnostics and research projects in veterinary medicine as well.
The aim of this study was to elaborate optimal settings appropriate for an examination of the equine brain in a 3-Tesla tomograph within
an adequate examination time and with related optimal image quality. A key issue was the evaluation of those neuro-anatomical structures
(formations of Grey and White Matter included) which were always clearly recognisable and, as such, were useful orientation landmarks.
Furthermore, the average sizes of selected structures were measured in the magnetic resonance images in transversal views. MRl of 11
healthy horses was performed in general anaesthesia. After the examination the horses were euthanised, their heads were fixated by per-
fusion, the brain was removed and cut either in transversal, dorsal or sagittal slices (approximately 4 mm thick). Photographic images of
these slices corresponded fo the magnetic resonance images in the equivalent planes. In the anatomical slices, all visible neurological struc-
tures (gyri, nuclei, and formations of White Matter) were identified. In the corresponding magnetic resonance images, these structures were
evaluated with regard to the image quality (intensity, delineation). Those best visible were proposed as landmarks for orientation. The eva-
luation of the image quality was performed using a score system. In general, the anatomical slices displayed more details compared to the
magnetic resonance images. In the latter, large nuclei — like, e.g. Nucleus caudatus — could always be identified with certainty, whereas
small nuclei — like those of the thalamic region or of the area of the Medulla oblongata — could not be identified. The relation between
operational effort and benefit was discussed considering the parameters ‘acquisition time’ (and related duration of general anaesthesia)
and ‘image quality’ (which depended on the selection of sectional planes and matrix sizes, as displayed in the proposed protocols).
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3-Tesla-magnetresonanztomographische Untersuchungen des Gehirns gesunder Pferde — Méglichkeiten und Grenzen

Die Magnetresonanztomographie (MRT) wird in der Humanmedizin als Methode der Wahl zur Bewertung neurologischer Erkrankungen
empfohlen und ist ebenso in der tiermedizinischen Diagnostik und Forschung etabliert. Ziel dieser Untersuchung am lebenden Pferd war
es, optimale Einstellungen festzulegen, mit denen das Pferdegehirn in einem 3-Tesla-Gerét adéquat, d.h. in angemessener Untersuchungs-
zeit bei optimaler Bildqualitét, untersucht werden kann. Im Mittelpunkt stand dabei die Darstellung jener neuroanatomischen Strukturen
einschlieBlich Formationen aus Grauer und Weier Substanz, die stets sicher erkennbar und deshalb als Landmarks zur Orientierung im
Pferdegehirn geeignet waren. AuBerdem wurden die durchschnittlichen Gréflen von einigen ausgewdhlten Strukturen im MRT-Bild transver-
saler Schnittebenen gemessen. Die MRT-Untersuchung erfolgte bei 11 Pferden in Allgemeinandsthesie. Im Anschluss wurden die Pferde
euthanasiert, der Kopf perfusionsfixiert, die Gehire entnommen und entweder transversal, dorsal oder sagittal in ca. 4 mm dicke Scheiben
geschnitten. Fotografische Abbildungen dieser Schnitte korrespondierten mit MRT-Bildern in den entsprechenden Schnittebenen. In den
anatomischen Abbildungen wurden alle sichtbaren neuroanatomischen Strukturen (Gyri, Nuclei, Formationen der Weifien Substanz) iden-
tifiziert. AnschlieBend wurden in den MRT-Bildern diese Strukturen hinsichtlich ihrer Abbildungsqualitét (Intensitét, Abgrenzbarkeit) evaluiert;
die am besten erkennbaren wurden als Landmarks zur Orientierung festgelegt. Die Bildqualitét der MRT-Aufnahmen wurde mit Hilfe eines
Scoring-Systems bestimmt. Generell zeigten die anatomischen Schnitte mehr Details als die MRT-Aufnahmen. Im MRT-Bild waren grofie
Kerne, wie der Nucleus caudatus, stets eindeutig erkennbar. Kleine Nuclei, z. B. jene der Thalamusregion oder der kaudalen Region des
Hirnstammes, waren nicht darstellbar. Ein Aufwand-Nutzen-Vergleich unter Beriicksichtigung der Parameter ,Akquisitionszeit” (damit ver-
bunden die notwendige Dauer der Anasthesie) und ,Bildqualitét” (in Abhéngigkeit verschiedener Einstellungen) wurde diskutiert in Hinblick

auf die empfohlenen Untersuchungsprotokolle.
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Introduction

In human and small animal medicine, magnetic resonance
imaging (MRI) is the method of choice when it comes to eva-
luating neurological diseases (Hecht and Adams 2010).
According to Holmes (2013), this is also true for equine
patients. MRl has been used as a diagnostic tool in several
neurologically affected horses, like: Features of nigropallidal
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encephalomalacia (Sanders et al. 2001), cerebral abscess,
encephalomalacia, nigropallidal encephalomalacia, internal
hydrocephalus, ofitis media and interna (Ferrell et al. 2002),
metastatic brain abscesses in horses with strangles (Spoorma-
kers et al. 2003), brain abscess in a filly (Audigié et al. 2004),
brainstem meningioma in a pony (Dyson et al. 2007), ocular
angiosarcoma in a pony (Bischofberger et al. 2008), cholest-
erol granuloma (Maulet et al. 2008), ependymoma (Leser et
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al. 2013), retrobulbar meningioma (Naylor et al. 2010),
cerebellar abiotrophy (Pongratz et al. 2010, Cavalleri et al.
2013), external and an internal hydrocephalus (Oey et al.
2011), postiraumatic epilepsy (Mdller et al. 2011), Chiari
malformation in a foal (Lempe et al. 2012), features of closed
head trauma in two foals (De Zani et al. 2013). Anatomical
studies of the equine brain in MRI have been performed in
foals (Chaffin et al. 1997) and in adult horses (Arencibia et
al. 2001), however, with varying seftings: Chaffin et al.
(1997) used a very low field strength of 0.35 Tesla; Arencibia
et al. (2001) examined a post mortem head (removed from
the neck), using a magnet of 1.5 Tesla. Tucker and Sampson
(2007) recommended protocols applicable for examinations
of the head in a 1-Tesla tomograph. Until now, no protocols
have been elaborated for examinations of the equine brain
with a field strength as high as 3 Tesla, and no evaluations of
the image quality by means of a score system are available
from such investigations. Therefore, it was the aim of this stu-
dy (1) to elaborate optimal settings appropriate for an exami-
nation of the equine brain in a 3-Tesla tomograph within an
adequate examination time and with related optimal image
quality; (2) to evaluate those neuro-anatomical structures
which were always clearly recognisable and, as such, were
useful orientation landmarks; (3) to measure the average
sizes of selected structures in the magnetic resonance images
in transversal views.
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Material and methods

Eleven horses (6 Wirttemberg and 2 Hanoverian warmblood
horses, 1 Trakehner horse, 1 Trotter and 1 Frisian horse) aged
between 4 and 9 years (5.2 £1.8) and with a body weight
between 498kg und 607kg (543.9 +35.4) underwent a
standard general and a special neurological examination.
They did not suffer from neurological diseases. For MRI, the
horses underwent general anaesthesia. They were sedated
with acepromazine (Vetranquil® 1%, Albrecht, Aulendorf,
Germany; 0.03mg/kg i.m.), xylazine (Xylavet® 20mg/ml, cp-
pharma, Burgdorf, Germany; 0.5-0.8mg/kg i.v.) and
butorphanol (Alvegesic® vet. 10mg/ml, cp-pharma, Burg-
dorf, Germany; 0.025mg/kg i.v.). The general anaesthesia
was induced by ketamine (Narketan® 100 mg/ml, Vetoquinol,
Ravensburg, Germany; 2.2mg/kg i.v.) and midazolam
(Midazolam  5mg/ml, Braun, Tuttlingen, Germany;
0.05mg/kg i.v.) and maintained with isofluran in oxygen (Iso-
fluran, cp-pharma, Burgdorf, Germany). A very deep general
anaesthesia was chosen in order to avoid spontaneous move-
ment and to ensure that the horses did not regain conscious-
ness after the examination.

All horses were examined in the magnetic resonance tfomo-
graph Achieva 3.0T X-series® (Koninklijke Philips Electronics,
Eindhoven, The Netherlands) in dorsal recumbency with four

Table 1

Protocol for MRI of the equine brain at a field strength of 3 Tesla, slice thickness 5 mm (n=3) or 4 mm (n=46). / Protokoll der magnet-

resonanztomographischen Untersuchung der Gehirne von Pferden bei einer Feldstérke von 3 Tesla, Schnittdicke 5 mm (n=3) oder 4 mm (n=46).

Plane Sequence (stic) (m-l;ic) FA FOV Matrix size Slice/(:;:c)kness (icr]:) Time*
3D TIW, GRE 8 4 8 280 320 x 320 145/1.1 0 0:10:27
Trans T2W, TSE 9000 80 90 190 432 x 432 31/5 1 0:08:42
Dors T2W, TSE 8000 80 90 210 640 x 640 24/5 0.5 0:04:48
Sag T2W, TSE 8000 80 90 240 704 x 704 17/5 0.5 0:08:32
Trans T2W, TSE 9000 80 90 190 432 x 432 33/4 1 0:12:54
Dors T2W, TSE 9000 80 90 190 432 x 432 33/4 1 0:12:54
Sag T2W, TSE 9000 80 90 190 432 x 432 33/4 1 0:14:42
Trans FLAIR 10000 140 90 180 512x512 36/4.2 0.4 0:08:00
Trans DWI, SE 4000 69 90 180 160 x 160 38/4 0.4 0:03:30

Dors: Dorsal, DWI: Diffusion weighted imaging, FA: Flip angle, FLAIR: Fluid attenuated inversion recovery, FOV: Field of view, GRE: Gradient echo, TTW: T1-weighted,
T2W: T2-weighted, TE: Echo time, TR: Repetition time, Trans: Transversal, TSE: Turbo-spin-echo, Sag: Sagittal, SE: Spin-echo, 3D: Three-dimensional,
*Hours:Minutes:Seconds / Dors: Dorsal, DWI: Diffusionsgewichtete Bildgebung, FA: Anregungswinkel, FLAIR: Fluid attenuated inversion recovery

(Messtechnik zur Unterdriickung des Liquorsignals), FOV: Bildfeld, GRE: Gradientenecho, T1W: T1-gewichtet, T2W:T2-gewichtet, TE: Echozeit, TR: Repetitionszeit,
Trans: Transversal, TSE: Turbo-Spin-Echo, Sag: Sagittal, SE: Spin-Echo, 3D: Dreidimensional, *Stunden:Minuten:Sekunden

Table 2

Protocol for MRI of the equine brain at a field strength of 3 Tesla with higher matrix sizes and longer data acquisition times applied for

the images presented in this paper (n=2, one horse T1W, one horse T2W). / Protokoll der magnetresonanztomographischen Untersuchung der
Gehirne von Pferden bei einer Feldstdrke von 3 Tesla mit hherer Matrixgréfe und léngerer Untersuchungszeit fir die Anfertigung der in diesem
Artikel abgedruckten Abbildungen (n=2, ein Pferd TIW, ein Pferd T2W).

Plane Sequence (m-l—sEc) (mz'fac) FA FOV Matrix size Slice/(;hr:)kness (Cr;nc::) Time*
3D T1W, GRE 13 6 8 200 1024 x 1024 250/0.6 0 1:19:58
Trans T2W, TSE 5000 80 90 140 1024 x 1024 33/4.0 1 1:08:15
Dors T2W, TSE 5000 80 90 190 896 x 896 24/4.0 0.6 0:53:30
Sag T2W, TSE 5000 80 90 180 1008 x1008 28/4.0 0.6 0:45:10

Dors: Dorsal, FA: Flip angle, FOV: Field of view, GRE: Gradient echo, TIW: T1-weighted, T2W: T2-weighted, TE: Echo time, TR: Repetition time, Trans: Transversal,
TSE: Turbo-spin-echo, Sag: Sagittal, 3D: Three-dimensional, *Hours:Minutes:Seconds / Dors: Dorsal, FA: Anregungswinkel, FOV: Bildfeld, GRE: Gradientenecho,
TIW: T1-gewichtet, T2W:T2-gewichtet, TE: Echozeit, TR: Repetitionszeit, Trans: Transversal, TSE: Turbo-Spin-Echo, Sag: Sagittal, 3D: Dreidimensional,

*Stunden:Minuten:Sekunden
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Fig. 1

Graphical representation of the three sectional planes, i.e. transversal (a), dorsal (b), sagittal (c) planes, of anatomical sections and

MRI. / Graphische Darstellung der drei Schnittebenen, d.h. transversale (a), dorsale (b), sagittale (c) Schnittebenen, fir anatomische Schnitte

und magnetresonanztomographische Bilder.

flexible surface coils (two SENSE Flex M Coils® and two SEN-
SE Flex L Coils®; both Koninklijke Philips Electronics, Eindho-
ven, The Netherlands) around their heads. The imaging pro-
tocol comprised a T2-weighted (T2W) sequence in all three
planes (i.e. dorsal, transversal, sagittal), a 3D-T1-weighted
(3D T1W) sequence, a Fluid-attenuated-inversion-recovery
sequence (FLAIR sequence), and a Diffusion-weighted-ima-
ging sequence (DWI sequence) with slice thicknesses of 4 mm
(9 horses), 5mm (3 horses), with different matrix sizes and
with different data acquisition times (tables 1 and 2).

At the end of the imaging procedure all horses were — sfill in
general anaesthesia — euthanised with pentobarbital (Eutha-
dorm® 400mg/ml, cp-pharma, Burgdorf, Germany;
30-40mg/kg i.v.). The heads were perfused with 10% forma-
lin; the brains were removed from the brain case after one day,
embedded in 20% gelatin and cooled for another day. The
brains were cut in either transversal (5 brains), dorsal (3 brains)
or sagittal (3 brains) slices (4 mm thick) — corresponding to the

planes of the magnetic resonance images (Fig. 1). Magnetic
resonance images and anatomical slices were compared, i.e.
anatomical structures were identified and labelled in the pictu-
res. The anatomical terms were applied according to the latest
edition of the Nomina Anatomica Veterinaria (2012). Some
terms were named with reference to descriptions by Béhme
(2004); they are marked by adding an asterisk * to the term.

The image quality of the T2- and T1- weighted images (T1W,
T2W) was evaluated by applying a scoring system (table 3). A
total of 14 points could be assigned to an image. Images with
a score of 10 points or more were rated as being of good
quality, images with a score between 9 and 5 points had a
sufficient quality and images with a score of less than 5 points
were not evaluated.

Selected structures, which were clearly delineable in transver-
sal T1- and T2- weighted images were determined: The
length of each structure was measured first; then — at an

Table 3

Scoring system (parameters and related scores) for the evaluation of the image quality of T2- and T1-weighted images.

Auswertungsbogen (Parameter und entsprechende Punktzahlen) fir die Beurteilung der Qualitét von T1- und T2-gewichteten Aufnahmen.

Parameter Score | Parameter Score
Delineation between White and Grey Matter Intensity of signal of the cerebrospinal liquor *
Clearly delineated Hypointense signal in TTW 1
Not clearly delineated Hyperintense signal in T2W 1
No delineation 0 Iso-/hypointense signal in TTW
Iso-/hypointense signal inT2W
Recognisability of selected nuclei /selected areas of nuclei Recognisability of N. opticus ** and N. trigeminus ***
Nucl. caud. clearly delineated 1 N. opticus identifiable 1
Nucl. caud. not/not clearly 0 N. opticus not identifiable 0
. Copsuld interna delineated 1 N. trigeminus identifiable 1
Capsula interna not delineated 0 N. trigeminus not identifiable 0
Image sharpness **** Artefacts
Clear image 1 No artefact 1
Grainy image 0 One or more delineated artefacts 0
Artefact covering large areas of brain n.e.
Regularity of the signal (e.g. whole hemisphere)
Regular 1
Irregular 0
Large areas of the brain (e.g. cerebellum) not visable ***** n.e.

*Compared to cerebral or cerebellar cortex; **Next to the brain stem; ***At lateroventral side of the brain; ****Subjective impression; *****Because of an either too

strong or too low signal intensity; n.e.: Image not evaluable; Nucl. caud.: Nucleus caudatus
*Im Vergleich zur Klein- oder GroBhirnrinde; **Nahe am Hirnstamm, ***An der lateroventralen Seite des Gehirns; ****Subjektiver Eindruck; *****Aufgrund entweder zu

starker oder zu schwacher Signalintensitdt,; n.e.: Bild nicht auswertbar; Nucl. caud.: Nucleus caudatus
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angle of 90 (+/- 1) degrees — the width was measured. The
normal distribution of values measured in corresponding
hemispheres (right/left) of all animals was tested by the Kol-
mogorov-Smirnov-Test. Values of the left and right hemisphe-
res were compared with the paired t-test, and confirmed. Dif-
ferences concerning dimensions and signal-intensities were
not significant between the hemispheres. Consequently, the
values of bilateral structures (in right and left hemispheres)
were pooled and treated as one sample. From each sample,
mean values and standard deviations were calculated
(Excel® 2010, Microsoft® Corporation Redmont, Washing-
ton, USA; Prism® Version 5.01 for Windows; GraphPad Soft-
ware, La Jolla, USA).

Finally, the intensities of the selected structures were visually
compared to either the cerebral or cerebellar cortex (referen-
ce parameters) and rated as either hypointense, or isointense,
or hyperintense.

The horses were treated in the Clinic for Horses, University of
Veterinary Medicine Hannover.

Results

The instrumental seftings, and the acquisition times varied
according to the kind and amount of chosen sectional pla-
nes. For instance, all acquisition times necessary to acquire
the TTW- and T2W-images in transversal, dorsal, sagittal pla-
nes plus FLAIR- and DWI-sequences (table 1) could add up to
about 60 minutes; another setting with higher matrix sizes
(table 2) required a total acquisition time of almost 4 hours
(without FLAIR- and DWI-sequences).

The quality of the images created with different protocols did
not differ markedly when viewed on the display screen (table
4): The total score of T1-weighted images of 8 horses was 12
(=2). Transversal T2-weighted images of 7 horses had scores
of 13 (= 1), dorsal T2-weighted images of 6 horses had sco-
res of 13 (= 1), and T2-weighted sagittal images of 6 horses
had scores of 12 (= 2). Consequently, all of the created MRI
were rated as being of good quality on the display screen.

K. Stuckenschneider et al.

Magnetic resonance images in the sagittal plane (Fig. 2 A—-C)
represented equivalents of brain slices cut in the median (or
slightly paramedian) plane. They were intended to give an
overview of the whole brain. The brain"s ventricular system —
Ventriculus lateralis, tertius, quartus, and the Aqueductus
mesencephali — was clearly outlined. Different profiles of the
Corpus callosum were distinct orientation landmarks. The
same was true for the Colliculus rostralis and Colliculus cau-
dalis of the Lamina tecti mesencephali. The Cerebellum (with
its Arbor vitae) as well as the Pons and the Medulla oblongata
could be clearly distinguished.

Transversal magnetic resonance images of the rostral part of
the brain (Fig. 3 A—C) were dominated by the different struc-
tures of the telencephalon. Particularly remarkable were the
components of the Corpus striatum, which could be clearly
distinguished in every image: Its Nucleus caudatus and the
Capsula interna served as distinct landmarks as they could be
reliably identified in anatomical slices as well as in magnetic
resonance images. In the anatomical slice, any other compo-
nent of the Corpus striatum could be marked in addition:
Putamen and Pallidum (conjointly representing the Nucleus
lentiformis) could be differentiated as well as Nucleus accum-
bens, Claustrum, Capsula externa, and Capsula extrema.
However, in the magnetic resonance images, the Nucleus
accumbens could only be seen on T2-weighted images, and
the identification of Putamen and Pallidum was also more dif-
ficult. In magnetic resonance images, Claustrum and Capsu-
la extrema could not be seen, but Capsula externa and Cap-
sula interna served as good orientation landmarks.

Images in the transversal plane taken further caudally (Fig. 4
A-C) showed structures of the Tel-, Di- and Mesencephalon.
Different components of the Hippocampus region were the
characteristic features of these brain areas because many of
them could be identified on both anatomical and magnetic
resonance images: Pars refrocommissuralis hippocampi (the
Hippocampus proper according to Nomina Anatomica Vete-
rinaria, NAV, 2012), Pes hippocampi, Gyrus dentatus, Sulcus
hippocampi, and Gyrus parahippocampalis. The Gyrus cal-
losus (not an official term of the NAV, and not a true part of
the Hippocampus) was very useful as an orientation land-

Table 4 Scoring points (maximum 14) for the evaluation of the quality of MRI. / Scoring-Punkte (maximal 14) fir die Bewertung der MRT-

Bildqualitét.
Horse T1W, 3D T2W, Trans T2W, Dors T2W, Sag

1 14 14 13 12
2 10 13 12 12
3 8 n.e. n.p. 8

4 14 13 12 12
5 12 13 n.p. n.p.
6 13 13 n.p. n.p.
7 13 n.p. 13 n.p.
8 n.p. 13 13 12
9 13 14 13 n.p.
10 n.p. n.e. n.e. n.e.
11 n.p. n.p. n.p. 13

Scores > 10: Good image quality, scores 9-5: Sufficient image quality, scores < 5: Not evaluable (n.e.), n.p.: Not performed, Dors: Dorsal, Sag: Sagittal,
TIW: T1-weighted, T2W: T2-weighted. / Scores > 10: Gute Bildqualitét, Scores 9-5: Ausreichende Bildqualitét, Scores < 5: Nicht auswertbar (n.e.), n.p.:

Nicht durchgetihrt, Dors: Dorsal, Sag: Sagittal, TIW: T1-gewichtet, T2W: T2-gewichtet
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Fig. 2 (A) Anatomical section, slightly
paramedian, (B) corresponding T2-
weighted MRI, (C) corresponding T1-
weighted MRI of an equine brain in a
median/paramedian, i.e. sagittal sectio-
nal plane. / Anatomischer Schnitt, leicht
paramedian, (B) korrespondierendes T2-
gewichtetes, (C) korrespondierendes T1-
gewichtetes magnetresonanztomographi-
sches Bild eines Pferdegehirns in media-
ner/paramedianer, d. h. sagittaler
Schnittebene.

1: Trigonum olfactorium, 2: Ventriculus
lateralis (Pars centralis), 3: Septum telen-
cephali, 4: Genu corporis callosi, 5:
Truncus corporis callosi, 6: Splenium cor-
poris callosi, 7: Gyrus callosus (Bshme
2004), 8: Gyrus dentatus (rostral
Area/rostraler Bereich — Tuberculum gyri
dentati [Bshme 2004]), 9: Sulcus hippo-
campi, 10: Gyrus parahippocampalis,
11: Corpus fornicis, 12: Crus fornicis,
13: Fissura transversa cerebri, 14: Adhe-
sio inferthalamica, 15: Glandula pinea-
lis, 16: Recessus suprapinealis, 17:
Recessus opticus, 18: Foramen interven-
triculare, 19: Ventriculus tertius, 20:
Infundibulum with/mit Pars cava infundi-
buli, 21: Hypophysis, 22: Corpus mamil-
lare, 23: Pedunculus cerebri (Tegmentum
mesencephali), 24: Aqueductus mesen-
cephali, 25: Tectum mesencephali (Lami-
na tecti, Colliculus rostralis), 26: Tectum
mesencephali (Lamina tecti, Colliculus
caudalis), 27: Cerebellum (Corpus
medullare), 28: Fissura prima, 29: Pons,
30: Ventriculus quartus, 31: Velum
medullare rostrale, 32: Velum medullare
caudale, 33: Corpus trapezoideum, 34:
N. opticus, 35: Chiasma opticum, a: A.
cerebri rostralis, b: Branches of/Aste der
A. cerebri caudalis, c: A. corporis callosi,
d: A. communicans rostralis, e: A. com-
municans caudalis
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Fig. 3  (A) Anatomical section, (B) corresponding T2-
weighted MRI, (C) corresponding T1-weighted MRI of an
equine brain in a transversal sectional plane.

(A) Anatomischer Schnitt, (B) korrespondierendes T2-
gewichtetes, (C) korrespondierendes T1-gewichtetes mag-
netresonanztomographisches Bild eines Pferdegehirns in
einer fransversalen Schnittebene.

1: Centrum semiovale, 2: Tuberculum olfactorium, 3: Ven-
triculus lateralis (Pars centralis, Plexus choroideus), 4: Sep-
tum telencephali, 5: Stratum griseum subependymale
(Bshme 2004), 6: Truncus corporis callosi, 7: Radiatio cor-
poris callosi, 8: Corpus striatum (Nucleus caudatus), 9:
Corpus striatum (Capsula interna), 10: Corpus striatum
(Putamen), 11: Corpus striatum (Pallidum), 12: Corpus stri-
atum (Capsula externa), 13: Corpus striatum (Nucleus
accumbens), 14: Corpus striatum (Claustrum), 15: Corpus
striatum (Capsula extrema), 16: Insula, 17: Pars supra-
commissuralis hippocampi (Indusium griseum), 18: Chias-
ma opticum, 19: N. frigeminus, a: A. cerebri rostralis, b:
Branches of/Aste der A. cerebri media, c: A. communicans
rostralis
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Fig. 4 (A) Anatomical section, (B) corresponding T2-weigh-
ted MRI, (C) corresponding T1-weighted MRI of an equine
brain in a transversal sectional plane.

(A) Anatomischer Schnitt, (B) korrespondierendes T2-
gewichtetes, (C) korrespondierendes T1-gewichtetes mag-
netresonanztomographisches Bild eines Pferdegehirns in
einer transversalen Schnittebene.

1: Centrum semiovale, 2: Sulcus rhinalis lateralis, 3: Ven-
triculis lateralis (Pars centralis), 4: Ventriculus lateralis (Cor-
nu temporale), 5: Splenium corporis callosi, 6: Gyrus cal-
losus (Bshme 2004), 7: Pars supracommissuralis hippo-
campi (Indusium griseum), 8: Pars retfrocommissuralis hip-
pocampi, 9: Pes hippocampi, 10: Gyrus dentatus (dorsal
end/dorsales Ende — Tuberculum gyri dentati [BShme
2004]), 11: Gyrus dentatus (ventral end/ventrales Ende),
12: Sulcus hippocampi, 13: Gyrus parahippocampalis,
14: Corpus geniculatum laterale, 15: Corpus geniculatum
mediale, 16: Hypophysis with/mit: 17: Neurohypohysis,
18: Adenohypophysis, 19: Pedunculus cerebri (Crus cere-
bri), 20: Pedunculus cerebri (Tegmentum mesencephali),
21: Aqueductus mesencephali, 22: Substantia grisea cen-
tralis, 23: Nucleus ruber, 24: N. trigeminus, a: A. cerebri
caudalis
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Fig. 5 (A) Anatomical section, (B) correspon-
ding T2-weighted MRI, (C) corresponding T1-
weighted MRI of an equine brain in a dorsal sec-
tional plane.

(A) Anatomischer Schnitt, (B) korrespondierendes
T2-gewichtetes, (C) korrespondierendes TI-
gewichtetes magnetresonanztomographisches
Bild eines Pferdegehirns in einer dorsalen
Schnittebene.

1: Ventriculus lateralis (Cornu rostrale), 2: Ven-
triculus lateralis (Cornu temporale), 3: Genu
corporis callosi, 4: Radiatio corporis callosi, 5:
Gyrus callosus (Bshme 2004), 6: Corpus stria-
tum (Nucleus caudatus), 7: Corpus striatum
(Capsula interna), 8: Pars retrocommissuralis
hippocampi, 9: Gyrus dentatus (central
area/mittlerer Bereich), 10: Corpus fornicis, 11:
Crus fornicis, 12: Neopallium (Cortex frontalis),
13: Neopallium (Cortex temporalis), 14: Neo-
pallium (Cortex occipitalis), 15: Thalamus, 16:
Glandula pinealis, 17: Cerebellum (Vermis), 18:
Cerebellum (Hemispherium), 19: Cerebellum
(Corpus medullare), a: Branches of/Aste der A.
cerebri caudalis
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Fig. 6  (A) Anatomical section, (B) corre-
sponding T2-weighted MRI, (C) correspon-
ding T1-weighted MRI of an equine brain in a
dorsal sectional plane.

(A) Anatomischer Schnitt, (B) korrespondieren-
des T2-gewichtetes, (C) korrespondierendes
T1-gewichtetes magnetresonanztomographi-
sches Bild eines Pferdegehirns in einer dorsa-
len Schnittebene.

1: Ventriculus lateralis (Cornu rostrale), 2:
Ventriculus lateralis (Cornu temporale), 3:
Genu corporis callosi, 4: Radiatio corporis
callosi, 5: Corpus striatum (Nucleus cauda-
tus), 6: Corpus striatum (Capsula interna), 7:
Corpus striatum (Capsula externa), 8: Corpus
striatum (Claustrum), 9: Corpus striatum
(Capsula extrema), 10: Insula, 11: Pars retro-
commissuralis hippocampi, 12: Gyrus denta-
tus (central area/mittlerer Bereich), 13: Cor-
pus fornicis, 14: Crus fornicis, 15: Neopal-
lium (Cortex frontalis), 16: Neopallium (Cor-
tex temporalis), 17: Neopallium (Cortex occi-
pitalis), 18: Thalamus, 19: Glandula pinealis,
20: Tectum mesenephali (Lamina tecti, Colli-
culus rostralis), 21: Cerebellum (Vermis), 22:
Cerebellum (Hemispherium), 23: Cerebellum
(Corpus medullare), a: Branches of/Aste der
A. cerebri caudalis
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Table 5  Selection of brain structures depicted on T2- and T1-weighted MRI (important landmarks printed in bold letters). /
Auswahl von darstellbaren Gehimstrukturen in T1- und T2-gewichteten MRT-Bildern (wichtige Orientierungslandmarks in Fettdruck)

Weighting

T2W

T2W

T2W

W

TTW W

Plane

Trans

Dors

Sag

Trans

Dors Sag

Structure

Bulbus olfactorius

Lobus piriformis

Sulcus rhinalis lateralis

Corpus amygdaloideum
Ventriculus lateralis

Septum telencephali

Genu corporis callosi

Truncus corporis callosi
Splenium corporis callosi
Gyrus callosus*

Nucleus caudatus

Capsula interna

Putamen

Pallidum

Nucleus accumbens

Capsula externa

Pars supracommissuralis hippocampi
Pars retrocommissuralis hippocampi
Gyrus dentatus

Gyrus parahippocampalis
Sulcus hippocampi

Pes hippocampi

Columna fornicis

Corpus fornicis

Tractus opticus

Adhesio interthalamica
Nuclei thalami

Corpus geniculatum laterale
Corpus geniculatum mediale
Habenula

Glandula pinealis

Foramen interventriculare
Ventriculus tertius
Infundibulum, Pars cava

Tuber cinereum
Neurohypophysis
Adenohypophysis

Corpus mamillare

Pedunculus cerebri, Tegmentum mesencephali

Pedunculus cerebri, Crus cerebri
Aqueductus mesencephali
Nucleus ruber

Lamina tecti, Colliculus rostralis
Lamina tecti, Colliculus caudalis
Vermis cerebelli

Hemispherium cerebelli

Pons

Ventriculus quartus

Velum medullare rostrale
Pedunculus cerebellaris rostralis
Pedunculus cerebellaris medius
Nuclei vestibulares

Pyramis

Velum medullare caudale

N. opticus

Chiasma opticum

N. trigeminus

Ganglion trigeminale

N. facialis

N. vestibulocochlearis

T e T i e e T S a ot R S S S SRS

+ 4+ + o+

+ 4+ + + + + 4+t

+ 4+ + + +

+ B+ BN - B - BN +

+ B+

+ BB+ BB B

+ BN+

dL

+

o - BN - B -

+ B - BN -

B

+

+ 4+ +++ o+

+ +

+

+ +

+ + + +

+ o+ + o+t

dk

+ 4+ + + + + -+

b

+ +

+ o+t o+

+
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+ 4+ + + + + 4+ A+ o+t

+ 4+ + o+ +

+

+ + + + ot 4+ + + + ++ o+
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-+

+ o+ o+t

+ + +

+
+ + 4+

+ + + + +
+ + + +

+ 4+ + + + +
+ 4+ + 4+ + + ++

+ Structure could be identified, Dors: Dorsal, TTW: T1-weighted, T2W: T2-weighted, Sag: sagittal, Trans: transversal
+ Struktur war zu identifizieren, Dors: Dorsal, TIW: T1-gewichtet, T2W: T2-gewichtet, Sag: sagittal, Trans: transversal
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mark. The Hypophysis was clearly separated info Neuro- and
Adenohypophysis. In T1-weighted images, the Neurohypo-
physis was extremely bright.

In images in the dorsal plane (Fig. 5 A—C) all structures men-
tioned above were present in the same plane. They showed
components of the Corpus striatum, and of the Hippocampus
region. Anatomical slices in this plane were slightly superior
as far as the amount of visible details was concerned; for
instance, the Gyrus callosus was only visible in the anatomi-
cal slice.

More ventrally, in images in the dorsal plane (Fig. 6 A-C),
structures of the Corpus striatum again were dominant featu-
res. In this plane, anatomical slices were clearly superior in
showing details of this important complex: Nucleus caudatus,
Claustrum, Capsula interna, Capsula externa, and Capsula
extrema could be identified, but in the magnetic resonance
images only Nucleus caudatus and Capsula interna were cle-
arly visible. Parts of the Hippocampus were clearly distinguis-
hable. The Ventriculi laterales and the Cerebellum too could
be easily identified.

Comparing magnetic resonance images and anatomical sli-
ces, the latter showed more details in general, which often
could be clearly distinguished from the adjacent tissue areas.
However, magnetic resonance images did display several
important landmarks in all sectional planes. These landmarks
(table 5) served well for orientation as their presence enabled
the viewer to deduce invisible structures.

The performance of measurements required the selections of
appropriate sectional planes (table 6, Fig. 7). The values
varied markedly particularly in structures with diffuse outlines
and asymmetrical shapes — like, e.g. Nucleus caudatus.

Discussion

The horses in this study formed a homogenous group of sam-
ples of the equine population with regard to age and body

K. Stuckenschneider et al.

mass. The performance of the MRI examinations in vivo was
a key requirement as post-mortem autolytic processes in the
brain are known to start early (Dahme et al. 2007). Moreover,
characteristic in vivo signals are absent due to the post-mor-
tem cessation of blood flow, (Kretschmann and Weinrich
2003), so that some examinations, like DWI-sequences, are
not applicable in post-mortem specimens.

For MRI, all horses in this study underwent general anaesthe-
sia due to the above mentioned reasons and because the
examination with the used magnetic resonance tomograph
required a recumbent position of the animals under examina-
tion. Consequently, such prerequisites cause higher effort,
costs, and risks for the patient when compared, e.g., to ortho-
paedic examinations which — in increasing numbers (Mitchell
et al. 2006) — are performed in standing horses.

A standing position of the horse is not appropriate for the MR
examination of the brain due to several reasons, like exposi-
tion fo noise, or relatively long acquisition times as shown in
the present study.

a b

Fig. 7  Graphical representation of the two sectional areas (a and
b) from which transversal MRI were selected for the measurements of
neuroanatomical structures.

Graphische Darstellung der beiden Schnittbereiche (a und b), aus
denen magnetresonanztomographische Querschnittbilder fir die
Messungen neuroanatomischer Strukturen ausgewdhlt wurden.

Table 6  Dimensions (mm) of selected brain structures (mean values + standard deviations, X+SD) measured in two regions (region a and b,

as indicated in figure 7) comprising the respective transversal sections.

MaBe (mm) ausgewdhlter Gehirnstrukturen (Mittelwerte + Standardabweichungen, X+SD) gemessen in zwei verschiedenen Regionen (Region a und

b, wie in Abbildung 7 dargestellt ), welche die entsprechenden transversalen Schnitte enthalten.

T2-weighted (T2W)/ Maximal length Minimal length Maximal width Minimal width .
Structure T1-weighted (TTW) (X=SD) (X-£5D) (X=SD) (X=SD) Intensity
Nucleus caudatus® T2W 26.66 = 3.04 19.85 = 4.01 9.38 = 1.07 6.13 =1.78 2
Nucleus caudatus® TIW 25.28 = 1.47 15.70 = 5.63 9.39 £ 0.74 5.72 = 1.91 2
Capsula interna® T2W 31.92 = 2.24 29.86 = 1.67 9.35 = 0.67 7.75 £ 0.74 1
Capsula interna® TIW 27.70 = 2.35 26.35 = 2.33 11.47 = 2.93 8.82 = 0.75 3
N. opticus® T2W 4.26 = 0.38 3.68 = 0.47 8.62 = 1.05 5.61 =1.03 1-2
N. opticus® TIW 4.90 = 0.40 3.99 = 0.33 7.91 £0.43 5.78 = 0.50 3
Aqueductus
mesencephali® T2W 6.62 = 0.85 3.24 = 0.82 6.57 = 0.57 2.77 = 0.46 1
Aqueductus 3
mesencephali® TIW 6.18 = 0.51 2.98 = 0.50 6.29 = 0.57 2.92 = 0.47
° Measured in region a (Fig. 7), ® Measured in region b (Fig. 7), * Intensity (compared to the cerebral/cerebellar cortex): 1 = hypointense, 2 = isointense,

3 = hyperintense; TTW: T1-weighted, T2W: T2-weighted / ° Gemessen in Region a (Abb. 7), ® Gemessen in Region b (Abb. 7), * Intensitdt (im Vergleich zur GroBhirn-/

Kleinhirnrinde): 1 = hypointens, 2 = isoinfens, 3 = hyperintens, TIW: T1-gewichtet, T2W: T2-gewichfet
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Higher field strengths (like 3 Tesla used in this study) are
known to correspond with higher noise level (Schwarzmller-
Erber and Silberstein 2010) and may therefore cause arte-
facts due to auditive stimuli. Related provoked movements —
together with spontaneous movements — of the animal may
cause additional risks for staff and equipment. In considera-
tion of these aspects, high-field-strength MRI of the brain can-
not be recommended to be performed on a standing horse.

Depending on the different seftings of this study (e.g. with
high matrix sizes, several sectional planes, and additional
DWI- and FLAIR-sequences), the acquisition times varied mar-
kedly between 61 and 261 minutes. These data emphasise
again the importance of general anaesthesia. However, the
risk of sudden death of a horse during general anaesthesia
starts fo increase from minute 61; the highest risk exists when
the general anaesthesia lasts for more than 241 minutes

(Johnston et al. 1995).

The parameter ‘image quality’ is a crucial point for the con-
sideration of effort, risks, and benefits. In this study, MRI cre-
ated with the highest matrix sizes did not display a markedly
better image quality. Scores of 13 (out of 14) or 11 (out of
14) were reached, which was not substantially superior to
those of MRI created with the lower matrix sizes. The relatively
low score of horse number 3 (8 points) may be due to sub-
optimal positioning of the animal during examination. Consi-
dering all relevant parameters (i.e. time of anaesthesia rela-
ted to acquisition time, and image quality), the settings as
displayed in table 1 are recommended for the examination of
the equine brain with a 3-Tesla magnet leading to a total exa-
mination time of about 60 minutes, and resulting in good
quality images.

There is a strong wish to further improve image quality and
thereby increase the diagnostic value (Deistung et al. 2013),
leading — especially in human medicine — to the development
of very strong magnets, which facilitated the use of high-field
systems. Currently, in human medicine, 1.5-Tesla systems are
the clinical standard, but more and more 3-Tesla systems are
used. In the year 2011, already 20% of all magnetic reso-
nance tomographs used a field strength of 3 Tesla (Anonymus

2013).

Even 7-Tesla systems and 9.4-Tesla systems have been deve-
loped (Anonymus 2013). Their actual use is for experimental
purposes in research projects, but the expectation is that an
increase in field strength will yield a higher signal-to-noise-
ratio (SNR) and — due to this — a better image quality (Weis-
haupt et al. 2009). Different studies in human medicine have
confirmed this assumption; e.g. in the field of neurodiagno-
stic research, Haltaufderheide (2009) compared the delinea-
tion of cranial nerves at 1.5 and 3 Tesla. In her study, the ima-
ge quality was significantly better at 3 Tesla, especially when
it came to detfecting structures which were difficult to assess,
like small cranial nerves, and blood vessels (Haltaufderheide
2009). These findings were supported by studies of Hause
(2011), who compared the delineation of the intermediofaci-
alis nerve and its branches in different settings. Small bran-
ches (e.g. N. petrosus minor or N. stapedius) could be depic-
ted significantly better at the field strength of 3 Tesla, and the-
re was a significant increase in the SNR with increasing field
strength (Hause 2011).
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Accordingly, in the study on the equine brain presented in this
article, the amount of anatomical details seen in MRI (e.g.
important areas like the Corpus striatum or the Hippocampus
region) was higher than in previous investigations (Chaffin et
al. 1997, Arencibia et al. 2001) which had been performed
with a lower field strength. Chaffin et al. (1997) used a field
strength of only 0.35 Tesla, Arencibia et al. (2001) applied
1.5 Tesla (on a removed head, not in a living horse). The dif-
ferences in field strength and the ex vivo situation may be the
major items to explain the inferior image quality when com-
pared to our 3-Tesla study in vivo.

The further improvement of image quality with regard to the
delineation of small tissue areas (nuclei) may be desirable
when measurements in MRI are intended. A clear demarca-
tion of nuclei in MRI was often difficult or impossible to
achieve even in the 3-Tesla MRI of this study. This was not
unexpected, because aggregations of neuronal cells are
commonly known to have less distinct outlines than those
structures — like ventricles — which per se have clear surface
borderlines. This fact should be taken into account when
interpreting the measurement data presented in this study.
Not all visible structures were measured in cases when their
outlines were too diffuse. The data listed must be related
only to the respective sectional plane in which they were
measured. Consequently, they represent indicative values
rather than standard values of the entire size of the respecti-
ve structure.

The White Matter was a very potential guide to distinguish
nuclei which were poorly outlined. The formations of White
Matter appeared as distinct, often clearly demarcated lines
and, hence, served as valuable orientation landmarks.

The identification of even small nuclei is of great interest,
depending on the clinical indication, as has been emphasised
by Deistung et al. (2013). However, for their study on the
human brainstem — where a multitude of essential nuclei is
settled — a 7-Tesla system and different imaging techniques
(quantitative susceptibility mapping and track-density ima-
ging) were used. Even though such systems do not appear
applicable in equine medicine right now, such experiments
indicate that attempts to elucidate the potentials and limita-
tions of MRI-imaging of the brain have not reached their final
limit yet.
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